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Abstract 
We can non-destructively obtain an image of nuclide/isotope distribution or temperature in a substance by analyzing 
the dips due to the resonance absorption in a neutron transmission spectrum. The observed transmission spectra are 
expressed by convolution of intrinsic resonance cross section and neutron pulse shape, namely the emission time 
distribution of neutrons emitted from a moderator. Therefore, the pulse shape should be reproduced at arbitrary 
energy by a synthetic function for performing the quantitative resonance analysis. We have found that the Cole-
Windsor function reproduced well the pulse shape of the instrument at J-PARC (Japan Proton Accelerator Research 
Complex) neutron source and succeeded in evaluating nuclide density of some samples quantitatively by analyzing 
transmission resonance spectra. On the other hand, the function expressing the pulse shape of a thermal neutron 
source at Hokkaido University has not been found. Therefore, we have calculated the pulse shape of epithermal 
neutrons by Monte-Carlo simulation and fitted the pulse shape using several kinds of function. We found that the 
Cole-Windsor function also was the best function for reproducing the pulse shape of the source. Moreover, we 
implemented it to the resonance analysis code and calculated the resonance transmission spectra of some nuclide to 
evaluate the capability for resonance analysis at Hokkaido University source. 
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1. Introduction 
The neutron resonance absorption spectroscopy (N-RAS) is a technique combining prompt gamma ray 
counting or neutron transmission measurement with time-of-flight (TOF) method [1]. We can non-
destructively estimate nuclide density and local temperature from the Doppler broadening caused by 
atomic thermal motion by analyzing the resonance dips in transmission spectra obtained by N-RAS. 
Nuclide density and temperature were already tried to estimate by analyzing resonance dips due to indium 
and silver at a thermal neutron source at Hokkaido University Neutron Source (HUNS) [2]. However, the 
density was underestimated because the effect of shoaling caused by neutron pulse shape (i.e. emission 
time distribution from a pulsed source) on resonance dip has not been considered in the analysis. The 
observed resonance dips are expressed by convolution of the intrinsic resonance cross section including 
the Doppler broadening and the neutron pulse shape; therefore, the pulse shape should be reproduced at 
arbitrary energy to estimate quantitatively nuclide density by analysis of resonance dips. Recently, we 
have developed a method for quantitative evaluation of nuclide density by analyzing resonance 
transmission spectra using the NeutrOn Beam-line for Observation and Research Use (NOBORU) 
instrument at beam line 10 (BL10) [3,4] at the Materials and Life Science Experimental Facility (MLF) at 
the Japan Proton Accelerator Research Complex (J-PARC) [5]. As a first step, we have performed 
simulation calculation for the pulse shape of epithermal neutrons at NOBORU. Next, we have tried fitting 
those pulse shapes by several kinds of functions. As a result, we found that the Cole-Windsor function [6] 
reproduced well the pulse shapes of NOBORU at arbitrary energy. 
HUNS is a short-pulse neutron source based on an electron linac, it is suitable for N-RAS experiments. 
Table 1 shows the performance of Hokkaido University 45 MeV electron linac. However, at present, the 
function expressing the pulse shape at any energy has not been developed. Therefore, we have aimed to 
make a synthetic function suitable to HUNS thermal source to perform the quantitative resonance analysis 
at HUNS. At first, we calculated the pulse shape of epithermal neutrons at HUNS thermal source by 
Monte-Carlo simulation and then fitted several kinds of functions to the calculated pulse shapes, and 
chose the best function for fitting. Then, we implemented the function to the resonance analysis code 
REFIT (Multilevel Resonance Parameter Least Square Fit of Neutron Transmission, Capture, Fission & 
Self Indication Data) [7,8] to calculate the resonance transmission spectra at HUNS. As a demonstration, 
we calculated the resonance transmission spectra of tantalum (Ta), gold (Au) and copper (Cu), and then 
evaluated the capability for resonance analysis at HUNS. 
Table 1. Performance of 45 MeV electron linac. 
Maximum energy 45 MeV 
Maximum current 140 μA 
Electron pulse width 0.01 ~ 3 μs 
Repetition single, 10 ~ 200 pps 
 
 
2. Calculation model and method for pulse shape of HUNS thermal neutron source 
2.1. Monte-Carlo simulation model for HUNS thermal source 
Fig. 1 shows calculation models for Target-Moderator-Reflector Assembly (TMRA) of HUNS thermal 
neutron source. The moderator was ambient temperature light water and its thickness was 5 cm, cross 
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section area was 10×10 cm2. The moderator vessel was 1 mm thick aluminum. The reflector material is 
graphite and the target material is lead. There are lead blocks surrounding the target for shielding flash γ-
rays. 
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Fig. 1. Calculation models for TMRA of HUNS thermal neutron source. (a) vertical cross-section, (b) horizontal cross-section. 
2.2. Calculation method 
In this study, a Monte-Carlo N-Particle eXtended (MCNPX) [9] was used with a JENDL-4.0 
evaluation library [10] for calculating the emission time distribution. The neutron generation reaction was 
assumed (γ,n) reaction (i.e. photonuclear reaction) which gives a neutron yield of 1.6×1012 n/kW/s [11]. 
The Monte-Carlo simulation started from neutron generated by this reaction, and its energy spectrum is 
expressed as 
 2895.1exp)( EEEP                                                                                                              (1)  
where E is neutron energy. 
For the calculations of the emission time distribution, the point estimator of the MCNPX code was 
used and set in a position of 13.2 m from the moderator surface. The flight time between the moderator 
and the estimator was corrected to obtain the emission time distribution at the moderator surface. 
A time structure of electron pulses from HUNS accelerator was assumed to be the δ function, that is, 
the width of electron pulse was 0. Actual neutron pulse shapes of HUNS are equal to the convolution of 
the emission time distribution of neutrons and time structure of the electron pulse. We take into account 
this effect afterward. 
3. Pulse function for thermal neutron source at HUNS 
3.1. Fitting to emission time distribution 
To reproduce the calculated pulse shapes at arbitrary energy and reduce the statistical error of 
simulation calculation, we decided to use a synthetic function. We tried to fit the Ikeda-Carpenter 
function [12] and the Cole-Windsor function to the pulse shapes. The Ikeda-Carpenter function has been 
 H. Hasemi et al. /  Physics Procedia  60 ( 2014 )  244 – 253 247
used for pulse shape fitting. The function consists of the slowing down term and storage term, and it is 
expressed as 
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where α = vΣ (v is the neutron speed, Σ is the macroscopic neutron scattering cross section), β is the 
inverse of storage time and R is the ratio of the second term to the total area, and t = t - t0 to adjust the rise 
time of pulses. In this study, t0, β, R and also α were adjustment parameters.  
On the other hand, the Cole-Windsor function has been used for profile fitting of neutron powder 
diffraction at pulsed neutron sources and we found it was the best function for reproducing the pulse 
shape of epithermal neutrons at NOBORU. The Cole-Windsor function is expressed as 
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where Δt = t - t0, C is the normalization factor, R is the ratio of the area of F1(t) and F2(t), σ1,2 and γ1,2 are 
the parameter of the pulse width and the attenuation rate, respectively. t0, C, R, σ1,2, and γ1,2 were 
adjustment parameters. 
Fig. 2 shows the calculated pulse shapes with fitted curves using the Ikeda-Carpenter function at En = 1, 
100 eV, and 10 keV. We defined the difference in the figure as 
Simulation
curve FittedSimulation
Difference
                                                                                            (4)  
In case of fitting by the Ikeda-Carpenter function, the differences at the storage region between calculated 
pulse shapes and fitted curves increased at higher energy region. 
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Fig. 2. Calculated pulse shapes with fitted curve using the Ikeda-Carpenter function in linear scale ((a), (b) and (c)) and in semi-log 
scale((d), (e) and (g)). 
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Fig. 3. Calculated pulse shapes with fitted curve using the Cole-Windsor function in linear scale ((a), (b) and (c)) and in semi-log 
scale((d), (e) and (g)). 
 H. Hasemi et al. /  Physics Procedia  60 ( 2014 )  244 – 253 249
Fig. 3 shows the calculated pulse shapes with fitted curves using the Cole-Windsor function at En = 1, 
100 eV, and 10 keV. In case of fitting by the Cole-Windsor function, whole shapes of the calculated pulse 
shapes were well reproduced at all energy region compared with the fitting curves calculated by the 
Ikeda-Carpenter function. We found the Cole-Windsor function was also the best function for expressing 
the pulse shapes of HUNS thermal neutron source. 
3.2. Energy dependence of parameters 
As shown in above the pulse shapes of HUNS thermal neutron source were expressed by the Cole-
Windsor function at each neutron energy. However, the function must be reproduced at arbitrary energy 
by interpolation and extrapolation to convolute the pulse shape with the intrinsic resonance cross section. 
Therefore, we investigated the energy dependence of the parameters of the Cole-Windsor function. Fig. 4 
shows the parameters of the Cole-Windsor function as a function of neutron energy. All of parameters for 
HUNS thermal source can be expressed as 
519.01210 1030.41025.1)( uu EEC                                                                                       (5-a)  
461.03 910.01055.5)(0
 u EEt                                                                                                (5-b)  
452.03 226.01005.1)(1
 u EEV                                                                                                (5-c)  
489.03 45.11068.8)(2
 u EEV                                                                                                 (5-d)  
326.081.1988.0)(1 EE  J                                                                                                            (5-e)  
434.02 164.01096.4)(2 EE u J                                                                                                (5-f)  
409.032 1040.11060.5)( EER  uu                                                                                         (5-g)  
Thus we were able to reproduce the pulse shapes of HUNS thermal source at arbitrary energy using the 
Cole-Windsor function. 
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Fig. 4. Parameters of the Cole-Windsor function as a function of neutron energy. The symbols are the value obtained by the fitting 
to the pulse shape, and the lines are the fitted curves. 
4. Transmission spectra at HUNS thermal source 
To calculate the resonance transmission dips at HUNS thermal source, REFIT code was used. Using 
the REFIT code, we can calculate the resonance transmission dips as a convolution of intrinsic resonance 
cross section and the pulse shape of neutrons and a time structure of electron. However, the originally 
implemented functions for pulse shape are the Ikeda-Carpenter function and the function dedicated to the 
GELINA neutron time-of-flight facility in Belgium. Therefore, we implemented the Cole-Windsor 
function (Eqs. 3) and the parameters (Eqs. 5) to the REFIT code. 
We calculated the resonance transmission spectra for some nuclides by the revised REFIT code, and 
then evaluated the capability for resonance analysis at HUNS. To evaluate an effect of electron pulse, we 
calculated transmission spectra under the following three conditions. 
1. The electron pulse was assumed rectangular-shaped and its width was 3 μs. In HUNS, pulsed neutron 
imaging experiments for the lower energy imaging have been performed under this condition to 
increase neutron intensity. 
2. The electron pulse was assumed rectangular-shaped and its width was 1 μs. Although neutron intensity 
decreases under this condition, it is expected that sharper spectra are obtained in case of measurements 
for low energy resonance. 
3. The electron pulse was assumed Gaussian distribution and its FWHM was 10 ns. This is the shortest 
pulse for the electron linac in HUNS. 
In this calculation, we used JENDL-4.0 evaluation library for calculation of the resonance cross sections. 
The free gas model was used to calculate the Doppler broadening. A flight path length of 13.2 m was 
applied, which corresponds to the position of the detectors for N-RAS at HUNS. 
To evaluate transmission spectra with less than several-tens eV resonances, we calculated the 
transmission spectra of 100 μm thick Ta. Fig. 5 shows the calculated transmission spectra for Ta with 
intrinsic resonance spectra. For the resonances of 10.36 eV, the differences between the intrinsic 
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resonance dip and the dips broadened by neutron pulse and electron pulse were small. On the other hand, 
for the resonances of above 20 eV, the effect of electron pulse strongly appeared in the case of the width 
of electron pulse was 3 μs because it was larger than that of the convolution of the intrinsic resonance and 
neutron pulse shape. 
For the evaluation of the transmission spectra with several-tens to several-hundred eV resonances, we 
calculated the transmission spectra of 100 μm thick Au. Fig. 6 shows the calculated transmission spectra 
of Au with intrinsic resonance spectra. For the 60.099 eV resonance, the effect of electron pulse also 
strongly appeared in the case of the width of electron pulse was 3 μs, whereas, in the case of the width of 
electron pulse of 1 μs, the effect of electron pulse was small. However, for the resonances of above 100 
eV, the observed resonance dips were too broad for quantitative analysis. 
To evaluate transmission spectra with higher energy (up to few keV) resonances, we calculated the 
transmission spectra of 1 mm thick Cu. Fig. 7 shows the calculated transmission spectra of Cu with 
intrinsic resonance spectra. Since the electron pulse width of 1 μs and that of 3 μs were too large 
compared with the width of intrinsic resonance dip, the observed dips were broad and shallow. Thus, it is 
hard to analyze transmission spectra observed under these conditions. On the other hand, in the case of 10 
ns width electron pulse, because the shapes of observed dip mainly formed by the intrinsic resonance 
cross section, we can distinguish individual resonances. 
For the low energy resonances less than 10 eV, it is possible to analyze the resonance dips even under 
the condition of the electron pulse width of 3 μs. Whereas, for the resonances from 10 eV to 100 eV, 
since the electron pulse width of 3 μs was too large compared with the intrinsic resonance dip, the effect 
of electron pulse strongly appears in the transmission spectra. Therefore, condition that the electron pulse 
width of 1 μs or less is suitable for N-RAS experiments at HUNS. For the resonance above 100 eV, the 
electron pulse width of 1 μs was too large compared with the intrinsic resonance. However, the neutron 
intensity will not be enough to perform N-RAS experiments under the condition of the electron pulse 
width less than 1 μs. Therefore, we consider that it is hard to perform such experiments using high energy 
resonance at HUNS. 
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Fig. 5. Calculated transmission spectra of Ta with intrinsic resonance spectra. The broken lines are the intrinsic resonance spectra 
and the solid lines the spectra broadened by the neutron pulses and the electron pulses. (a) Dips due to the 22.72 eV and 23.92 eV 
resonances, (b) Dips due to the 10.36 eV resonance. 
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Fig. 6. Calculated transmission spectra of Au with intrinsic resonance spectra. The broken lines are the intrinsic resonance spectra 
and the solid lines the spectra broadened by the neutron pulses and the electron pulses. (a) Dips due to the 144.4 eV, 151.4 eV, 
162.9 eV and 164.9 eV resonances, (b) Dips due to the 57.92 eV and 60.099 eV resonances. 
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Fig. 7. Calculated transmission spectra of Cu with intrinsic resonance spectra. The broken lines are the intrinsic resonance spectra 
and the solid lines the spectra broadened by the neutron pulses and the electron pulses. (a) Dips due to the 2038 eV, 2529 eV and 
2642 eV resonances, (b) Dip due to the 579 eV resonance. 
5. Conclusions 
To evaluate the capability for resonance analysis at HUNS and to perform quantitative resonance 
analysis, we firstly calculated the pulse shapes of thermal neutron source in HUNS by Monte-Carlo 
simulation. We fitted to the simulated pulse shapes using two kinds of functions, and then we found that 
the Cole-Windsor function can reproduce the pulse shapes of HUNS thermal source at arbitrary neutron 
energy. 
We implemented the pulse function suitable for HUNS thermal neutron source to the REFIT code. 
Using the revised REFIT code, we calculated the transmission spectra of Ta, Au and Cu to investigate the 
effects of neutron pulse shapes and electron pulse on the spectra. The effects of the electron pulse width 
on the resonance dips were comparatively small for the resonance of up to 10 eV. In addition, we found 
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that the N-RAS experiments could be performed for the resonances of up to several tens eV at HUNS 
under the condition that the electron pulse width of 1 μs. 
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